INTRODUCTION
============

Caveolin-1 (Cav-1) is the major protein of the caveolae organelle, a specialized membrane lipid raft that is highly enriched in cholesterol, phospholipids and sphingolipids \[[@R1]-[@R7]\]. Caveolae serves as scaffolding for compartmentalized cellular processes and participates in multiple cellular functions, including endocytosis, cholesterol transport, and signal transduction \[[@R7]-[@R16]\]. Cav-1 is abundant in various cell types and is highly expressed in quiescent or terminally differentiated cells including dendritic cells and monocytes/ macrophages \[[@R3]-[@R7],[@R17]-[@R21]\]. The caveolin scaffolding domain (CSD), residues 82-101 in Cav-1, is essential for both caveolin oligomerization and the interaction of caveolins with other proteins \[[@R22]\]. The CSD serves as receptor for binding proteins containing the sequence with a motif φXφXXXXφ, φXXXXφXXφ, or φXφXXXXφXXφ (φ representing any aromatic amino acids and X any other amino acids) \[[@R22]\]. The human immunodeficiency virus (HIV) envelope (Env) gp41 has one such motif (WNNMTWMQW) \[[@R23],[@R24]\] located in the target cells \[[@R25],[@R26]\]. Through the CSD Cav-1 can interact with ectodomain of gp41 that is required for membrane fusion of with HIV transmembrane gp41 Env \[[@R23],[@R24],[@R27]\]. Our group has demonstrated interaction of Cav-1 and HIV Env in the lipid raft (caveolae) of the plasma membrane \[[@R28]\]. Such an interaction at the plasma membrane blocks HIV envelope mediated fusion with target cells and innocent bystander cell killing. Furthermore, the association of Cav-1 with HIV Env reduces virus replication \[[@R28]\]. In addition, Cav-1 can inhibit HIV by reducing nuclear factor κappa B (NF-κB) mediated transcription and enhancing cholesterol efflux \[[@R29]-[@R31]\]. The potential contribution of Cav-1 by suppressing HIV replication can be exploited for the development of a novel therapeutic strategy in treating HIV-1 infected patients. Cav-1, however, has multiple functions including regulating signal transduction, vesicle trafficking and cholesterol metabolism as well as being linked to multiple diseases including cancer \[[@R14],[@R21]\]. Therefore, overexpressing Cav-1 for therapeutic applications could have an adverse effect due to unregulated expression. To overcome such a problem we established a strategy that significantly restricts Cav-1 expression in HIV infected cells while effectively inhibiting virus replication.

MATERIALS AND METHODS
=====================

Cell Cultures
-------------

The 293T (human embryonic kidney fibroblasts)cell line was obtained from American Type Culture Collection (Manassas, VA). Glial derived human U87MG-CD4 cells stably transfected with CXCR4 (U87-CD4-CXCR4) and an indicator cell line for tittering HIV (TZM-bl) was kindly provided by the NIH AIDS Reagent Program. U87MG-CD4 derived cells were maintained in Dulbecco's modified Eagle medium (DMEM) containing 15% FBS, penicillin-streptomycin (100 μg/mL), glutamine (584 µg/mL), puromycin (1 μg/ml; Sigma Chemical), and neomycin (G418; 300 μg/ml; Sigma). TZM-bl and 293T cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (100 μg/ml).

Construction of Plasmids
------------------------

The NIH AIDS Research Program kindly provided pNL4-3 a plasmid construct containing the HIV provirus of NL 4-3. All expression constructs used for the studies are depicted in Fig. (**[1](#F1){ref-type="fig"}**). The CMV-Cav-1plasmid contains the Cav-1 coding sequence followed by an internal ribosomal entry sequence (IRES) and then green fluorescent protein (GFP) under the control of the human cytomegalovirus (CMV) immediate early gene promoter. CMV-IR is the same as CMV-Cav-1 but lacks the coding sequence of Cav-1. The constructs LTR-IR, LTR-Cav-1, were derived from CMV-IR and CMV-Cav-1, respectively, by replacing the CMV promoter with the HIV NL4-3 LTR. In constructing LTR-GFP-IR-Cav-1 we placed the GFP upstream of Cav-1 while placing an IRES in between the two coding sequences with expression under the control of the HIV LTR. An additional IRES was inserted upstream GFP in LTR-GFP-IR-Cav-1 generating the construct LTR-IR-GFP-IR-Cav-1. The plasmid LTR-IR-GFP-RRE-IR-Cav-1 was derived from LTR-IR-GFP-IR-Cav-1 by inserting the HIV Rev response element sequence between GFP and the IRES located upstream Cav-1. RRE was also placed in LTR-IR-GFP upstream IRES and GFP generating plasmid LTR-RRE-IR-GFP. To deliver the Cav-1/GFP expression cassettes into HIV target cells foamy virus vectors were constructed using the simian foamy virus type 1, isolated from rhesus macaque (SFVmac). An SFVmac vector containing GFP (pEGFPD) was used as the backbone to construct foamy virus vectors to deliver into HIV target cells. The construction of pEGFPD and a foamy virus vector expressing a microRNA based siRNA targeting the HIV rev/env (SFV/HL-R) as well as foamy virus vector packaging plasmids pCIgag, pCIpol, and pCIenv expressing gag, polymerase and envelope, respectively were described previously \[[@R32]\]. The GFP expression cassette was removed in pEGFPD and replaced with the expression cassette of GFP and Cav-1 with two IRES and RRE under the control of LTR from LTR-IR-GFP-RRE-IR-Cav-1 or a CMV promoter expressing Cav-1 and GFP from CMV-Cav-1 generating SFV/LTR-IR-GFP-RRE-IR-Cav-1 or SFV/CMV-Cav-1, respectively. A Tat expression plasmid pTatz was described previously \[[@R32]\].

DNA Transfection, Cav-1 Expression, and HIV Inhibition Assay
------------------------------------------------------------

Transfection of each of the plasmid constructs was performed in six well plates by the calcium phosphate method as described previously \[[@R33]\]. Briefly, 293T cells were cultured at a density of 4.5 x 10^5^ in 6 well plates and transfected with 1 ug of each expression construct carrying the Cav-1 and GFP or GFP alone along with 1 ug of plasmid DNA lacking an expression cassette. For induction of LTR promoter mediated expression the Tat expression construct pTatz was co-transfected (1 ug) along with 1ug of each of the expression cassettes. Twenty-four hours post transfection the culture medium was removed and replaced with fresh media. The transfected cells were kept in culture for 3-4 days while monitoring for GFP expression under a microscope with ultraviolet source. The numbers of fluorescent cells were scored in the presence and absence of Tat. In addition, the levels of expression of Cav-1 and GFP were examined by Western blot and GFP by the intensity of fluorescence using FACS analysis. Immunoblotting was performed as described previously \[[@R30]\]. The primary antibodies used for immuno-blotting were rabbit polyclonal anti-Cav-1(Santa Cruz Biotechnology Inc, Dallas, Texas), anti-GFP (Santa Cruz Biotechnology Inc), and ß-actin protein antibody (Sigma, St. Louis, MO). The secondary antibodies were HRP-linked anti mouse or rabbit (Cell Signaling Technology Danvers, MA). To assay for HIV inhibition 1ug of plasmid constructs containing Cav-1 were co-transfected along with 1ug of NL4-3 provirus DNA plasmid (pNL4-3) into 293T cells. Virus production was monitored by reverse transcriptase activity assay in triplicate as described previously using 10ul supernatant of cell culture samples \[[@R33]\]. Cell viability was monitored using Cell Signaling Technology's XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-carbo-xanilide) Cell Viability Kit (Danvers MA) according to manufactures described protocol.

Foamy Virus Vector Mediated Cav-1 Transduction and HIV Challenges
-----------------------------------------------------------------

To prepare foamy virus vector for Cav-1 transduction into HIV target cells 20 ug of each of the foamy vectors were co-transfected with the packaging constructs pCIgag (20 ug), pCIpol (4 ug), and pCIenv (2 ug) into 293T cells per T-75 culture flask as described previously \[[@R32]\]. Transfected cells were maintained in culture for 4 days and supernatants harvested by centrifugation at 5000 rpm for 20 minutes and then by filtering through a 0.45 um filter. Vector particles were concentrated by 100-fold using 150 kDa Apollo Centrifugal Spin Concentrators (Orbital Biosciences, Topsfield, MA). Concentrated virus particles were tittered by infecting fresh 293T cells seeded at a density of 2.5x10^4^ per well in 24 wells and counting GFP positive cells. NL4-3 HIV target cells U87-CD4-CXCR4 were seeded at a density of 5×10^5^ per well and infected with each of packaged foamy virus vectors at multiplicity of infection (moi) of 10 by spin inoculation twice as described previously \[[@R34]\]. The HIV NL4-3 strain was tittered using the TZM-bl indicator cells and counting Tat induced β-Gal gene expression before challenge. Foamy virus transduced U87-CD4-CXCR4 cells were challenged 48 hours later with HIV NL4-3 at an moi of 0.005 using the DEAE-dextran method as reported previously \[[@R33]\]. The level of HIV production was monitored from foamy virus vector transduced cells using reverse transcriptase assay.

RESULTS
=======

Inhibition of HIV Replication by Cav-1 Expressed Under the Control of the HIV LTR
---------------------------------------------------------------------------------

The cav-1 coding sequence was placed under the control of the HIV LTR (LTR-Cav-1), Fig. (**[1](#F1){ref-type="fig"}**) for regulated Cav-1 expression in HIV infected cells to determine its ability to inhibit HIV replication. For comparison cav-1 was also placed under a CMV promoter for constitutive expression (CMV-Cav-1). 293T cells were transfected with LTR-Cav-1 or CMV-Cav-1 along with NL4-3 provirus DNA (pNL4-3) and the replication of HIV was monitored for 4 days by harvesting supernatants and assaying for reverse transcriptase. Controls lacking the coding sequence of cav-1 (LTR-IR or CMV-IR) were also co-transfected with pNL4-3 and the level of HIV replication was determined in the same manner. Virus replication was compared in Cav-1 expressing cells transfected with LTR-Cav-1 or CMV-Cav-1 with that of cells transfected with corresponding control vectors LTR-IR or CMV-IR, respectively. As shown in Fig. (**[2A](#F2){ref-type="fig"}**), inhibition of HIV by Cav-1 under the control of the CMV promoter reached 86% compared to the control CMV-IR. Similarly Cav-1 expression by the HIV LTR was able to reduce virus replication by 90% as compared with the corresponding control. These results suggest that regulated expression of Cav-1 in HIV infected cells that effectively inhibits virus replication can be achieved with the level of Cav-1 expression being comparable to that of the expression of Cav-1 directed by a constitutive CMV promoter. Such a level of reduction of HIV replication in lieu of Cav-1 suppresses LTR mediated expression indicates that it is an effective inhibitor of virus replication.

Reducing LTR Driven Basal Expression of Cav-1 in the Absence of Tat
-------------------------------------------------------------------

The level of LTR driven background expression of Cav-1 in uninfected cells is critical whether Cav-1 can be used for HIV therapeutics since alterations in Cav-1 expression can be pathogenic \[[@R14],[@R21]\]. As show in Fig. (**[2B](#F2){ref-type="fig"}**) Cav-1 expression is present in cells where LTR-Cav-1 was transfected in the absence of pNL4-3 and such levels of Cav-1 expression could be toxic to uninfected cells. Since the cells we used to test our constructs do not express Cav-1, as demonstrated by the control construct, the amount of Cav-1 seen by immunoblot with LTR-Cav-1 in the absence of pNL4-3 represents the level of expression above endogenous levels of cells expressing Cav-1. To overcome this problem we constructed a series of cav-1 expression cassettes and examined the level of Cav-1 in the presence and absence of Tat. First, we placed GFP upstream of Cav-1 while inserting an IRES in between GFP and Cav-1 for LTR regulated expression (LTR-GFP-IR-Cav-1, Fig. (**[1A](#F1){ref-type="fig"}**). This construct was co-transfected with or without pTatz, a Tat expressing plasmid, and the level of Cav-1 and GFP expression was determined by immunoblots. As shown in Fig. (**2C**), a significant level of Cav-1 expression was observed in the absence of Tat. A second IRES sequence was included upstream GFP (Fig. (**[1A](#F1){ref-type="fig"}**), LTR-IR-GFP-IR-Cav-1). The LTR-IR-GFP-IR-Cav-1 construct revealed a significant reduction in Cav-1 expression in the absence of Tat compared to LTR-GFP-IR-Cav-1 while maintaining a high level of expression in the presence of Tat (Fig. **[2D](#F2){ref-type="fig"}**). Although placing an additional IRES upstream GFP significantly reduced background expression, there is still some Cav-1 present in LTR-IR-GFP-IR-Cav-1 transfected cells in the absence of Tat. We hypothesized extending the gap between GFP and the second IRES with DNA that will produce RNA with secondary structure would the reby reduce leak through expression of Cav-1. To test our hypothesis first we generated a construct where the rev response element (RRE) from NL4-3 HIV is placed upstream of the IRES-GFP sequence LTR-RRE-IR-GFP (Fig. **[1B](#F1){ref-type="fig"}**) and monitored GFP expression by FACs analysis and compared with, the same construct but lacking the RRE (LTR-IR, Fig. **[1A](#F1){ref-type="fig"}**) in the presence or absence of Tat. As shown in Fig. (**[3](#F3){ref-type="fig"}**) fluorescent intensity was significantly reduced in the absence of Tat in cells transfected with LTR-RRE-IR-GFP compared to that of LTR-IR. Based on this information the RRE sequence was placed between IRES-GFP and the second IRES upstream Cav-1 as shown in Fig. (**[1B](#F1){ref-type="fig"}**), (LTR-IR-GFP-RRE-IR-Cav-1) to further help reduce leak through expression. This construct was tested in the presence or absence of Tat for Cav-1 expression. As shown in Fig. (**[4A](#F4){ref-type="fig"}**) no Cav-1 expression was observed in the absence of Tat as determined by Western blot analysis while maintaining the ability of high level Cav-1 expression in cells receiving pTatz. The LTR-IR-GFP-RRE-IR-Cav-1 construct was tested for its' ability to inhibit HIV replication by co-transfecting with pNL4-3 into 293T cells (Fig. **[4B](#F4){ref-type="fig"}**). Inhibition of HIV replication reached up to 90% in cells transfected with LTR-IR-GFP-RRE-IR-Cav-1 which is comparable to that of CMV-Cav-1. Cells transfected with LTR-IR-GFP-RRE-IR-Cav-1 remained healthy similar to mock transfected cells in the absence of HIV infection establishing there is no toxicity associated when Cav-1 is placed under a restrictive expression system (Fig. **[4C](#F4){ref-type="fig"}**). These results suggest that using a LTR-IR-GFP-RRE-IR-Cav-1 construct, undetectable levels of LTR driven Cav-1 expression can be established in the absence of Tat and HIV infection as determined by Western blots which allows efficient expression of Cav-1 mediated by Tat subsequently effectively inhibiting HIV replication.

Inhibition of Virus Replication by Inducible Cav-1 Expression in HIV Target Cells
---------------------------------------------------------------------------------

The LTR-IR-GFP-RRE-IR-Cav-1 cassette was placed into foamy virus vector (SFV/LTR-IR-GFP-RRE-IR-Cav-1) to determine its' ability to inhibit virus replication in HIV target cells. A recombinant foamy vector containing Cav-1 with CMV promoter was also constructed as a control SFV/CMV-Cav-1. An additional control of a foamy virus vector containing a microRNA based siRNA targeting rev (SFV/HL-R) that effectively inhibits HIV replication and a negative foamy virus control expressing GFP (pEGFPD) were included in our studies. Also included, as a control, was HIV infected cells with no foamy virus vector transduction \[mock (NL4-4-3 only)\]. Each of these constructs were transfected with the packaging plasmids pCIgag, pCIpol, and pCIenv to generate vector particles and infect the HIV target U87-CD4-CXCR4 cells. The level of HIV replication was analyzed at intervals for 17 days by harvesting supernatants and assaying for reverse transcriptase activity. As shown in Fig. (**[5](#F5){ref-type="fig"}**), in the mock transduced cells HIV replication was evident at day 3 and rising significantly at day 5 then plateauing at days 7, 9 and 11 until cell lysis began. HIV replication in the pEGFPD transduced control had a slow start, peaked at day 9 and 11. In Cav-1 transduced cells whether Cav-1 expression was under the CMV or the HIV LTR promoter the levels of HIV replication were significantly reduced as compared to that of the controls that were mock or pEGFPD transduced (days 5-11). The level of inhibition of HIV replication reached 86% and 82% in cells transduced with SFV/CMV-Cav-1 and SFV/LTR-IR-GFP-RRE-IR-Cav-1, respectively, compared to that of cells receiving pEGFPD or mock. This level of inhibition is comparable to that of cells transduced with our positive control SFV/HLR foamy virus vector (days 5-11), a reduction in HIV replication reaching 91%. The Cav-1 expression in HIV infected cells under the control of the HIV LTR is, therefore, an effective inhibitor of HIV replication.

DISCUSSION
==========

The use of cellular proteins against HIV are an upcoming and evolving genetic approach that can be included in gene therapy combinations to control HIV infection to the point of a cure. Anti-HIV cellular proteins are important mainly for the reason that their targets are not viral genome that constantly evolve and therefore can safeguard against escape mutants. Cav-1 is one such protein which effectively inhibits HIV replication. Regulated expression of Cav-1 is important for safe and effective use of Cav-1 for HIV therapeutics. We have placed the cav-1 gene under the HIV LTR promoter and determined that it efficiently inhibits HIV replication. The expression of Cav-1 in these studies were Tat dependent and the effective inhibition of virus replication suggests that any negative regulation on the HIV LTR driven expression of the antiviral genes is not sufficient enough to have significant impact on the role of Cav-1 in the inhibition of HIV replication. Similar levels of inhibition of HIV replication were observed when cav-1 was placed under the control of a CMV promoter. Our results show no LTR driven Cav-1 expression by Western blot analysis in the absence of Tat or HIV infection revealing a significant reduction of leak through expression in the absence of Tat. This was accomplished by inserting an IRES sequence upstream the coding sequences of each of GFP and Cav-1 and adding a Rev response element between GFP and the IRES placed at the 5'end of cav-1.

The absence of basal Cav-1 expression as determined by Western blot analysis with LTR-IR-GFP-RRE-IR-Cav-1 as compared to LTR-GFP-IR-Cav-1 and LTR-IR-GFP-IR-Cav-1 could be due to distance spacing with RRE, the RRE structure, and/or weaker ribosomal entry for Cav-1 expression as compared to that of the one that is placed upstream the GFP. Since the amount of leak through of long transcripts is significantly low in the absence of Tat the expression of Cav-1 protein can be extremely low with the additional IRES sequence and the RRE. Cav-1 expression could be below the detection level of Western blots in the absence of Tat. If that is the case, this level of expression is therefore significantly lower than endogenous levels in cells expressing Cav-1 which can easily be seen by Western blots \[[@R28]-[@R30],[@R35]\]. The observation that Cav-1 was not detected by Western blot analysis with our constructs whereas endogenous expression of Cav-1 is easily observed in the absence of Tat or HIV infection indicates that the strategy applied for Cav-1 expression could significantly reduce any safety concerns of toxicity due to transgene expression in uninfected cells. Furthermore, such a strategy will have broad applications and can be beneficial for other host-targeted interventions as therapeutics.

As described above one of the mechanisms of Cav-1's ability of inhibiting HIV replication is through suppressing gene expression by modulating the NF-êB pathway and the two NF-κB sites in the U3 region of the LTR are critical for Cav-1 mediated inhibition of viral gene expression \[[@R29]\]. Interestingly, although Cav-1 can suppress its own expression through this mechanism our results show that the level of LTR driven expression remains effective enough to inhibit HIV replication. This result suggests the major inhibition of HIV replication is perhaps mediated through the other two mechanisms of Cav-1's ability of promoting cholesterol efflux and blocking of envelope fusion to target cells subsequently arresting the replication cycle. The inhibition mediated by the NF-êB pathway, therefore, is not sufficient enough to significantly impact its ability to inhibit HIV replication. Alternatively, there may always be adequate levels of Cav-1 expression that results in effective inhibition of viral expression even under a possibility of feed back suppression of its own expression. In support of this notion, LTR driven siRNA expression targeting the R region of the LTR is shown to effectively inhibit HIV replication \[[@R32]\]. Furthermore, several studies show RNA based anti-HIV approaches such as ribozymes, shRNAs, and antisense RNA expressed from the HIV LTR to effectively inhibit viral replication in HIV infected cells \[[@R36]-[@R39]\].

CONCLUSION
==========

Innate immune antiviral factors have important implications in HIV therapeutics and there is a continual interest in understanding and transferring these molecules into preclinical therapeutic interventions. To this endeavor steps for preclinical studies have already been the case for HIV restriction factors APOBEC3G, TRIMa and tetherin \[[@R40]\]. The expressions of innate immune antiviral vectors do get activated during viral protection for the first line of defense. Cav-1 expression is also augmented by HIV infection in macrophages and microglial HIV targets and similar to innate antiviral factors Cav-1 suppresses HIV replication. In fact, such bidirectional association of Cav-1 with HIV can contribute to macrophage persistent infection \[[@R28]-[@R30],[@R35]\]. Therefore, like the HIV restriction factors and other antiviral innate immune molecules Cav-1 can be important for clinical therapeutic intervention. The results presented here using a cellular protein, Cav-1, as a gene therapy target in a cell culture system will be a basis to test its therapeutic potential in preclinical settings using animal models.
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![Schematic representation of Cav-1 and GFP expression constructs. Cav-1 and GFP expression cassettes were generated in the presence of one or two internal ribosomal entry sequence (IRES) (A) plus the Rev response element (RRE) (B). The Cav-1 and GFP expression under the control of the CMV promoter or the LTR for conditional expression were placed in the simian foamy virus isolated from rhesus macaque (SFVmac) vector to deliver into HIV target cells (C).](TOMICROJ-8-114_F1){#F1}

![HIV LTR driven Cav-1 expression and inhibition of HIV replication. Cav-1 was placed under the control of CMV or the HIV LTR promoter for expression and each was co-transfected with the NL4-3 provirus DNA into 293T cells. HIV replication was monitored by reverse transcriptase activity (A) and the expression of Cav-1 by Western blot analysis (B). A series of Cav-1 and GFP expression cassettes were constructed as depicted in the Figure by placing one IRES (LTR-GFP-IR-Cav1) (C) or two IRES (LTR-IR-GFP-IR-Cav-1) (D). Each of these constructs were co-transfected into 293T cells with or without the Tat expression plasmid, pTatz. The expression levels of Cav-1 and GFP were examined by Western blot analysis 48 hours post transfection. Results are expressed as the means ± standard deviations (SD) from three determinations (P\< 0.05).](TOMICROJ-8-114_F2){#F2}

![Reduction of LTR driven GFP basal expression in in the absence of Tat. The IRES sequence alone or in combination with the HIV Rev response element (RRE) was placed between the HIV LTR and GFP. Each of these constructs were transfected into 293T cells and the level of GFP expression was examined by FACS measuring mean fluorescent intensity.](TOMICROJ-8-114_F3){#F3}

![Inducible expression of Cav-1 with significant reduction in basal level leakage expression. A Cav-1 and GFP expression cassette was constructed as depicted in the Figure by using 2 IRES and an RRE (LTR-IR-GFP-RRE-IR-Cav-1) sequences (A). This construct was cotransfected into 293T cells with or without Tat expression plasmid, pTatz. The expression levels of Cav-1 and GFP were examined by Western blot analysis. (B) Cav-1 expression from LTR-IR-GFP-RRE-IR-Cav-1 was examined for efficacy of inhibition of HIV replication by co-transfecting with NL4-3 and monitoring HIV replication by reverse transcriptase assay. (C) The XTT cell viability assay (Cell Signaling Technology, Danvers MA) was used to determine the nontoxicity and safety of LTR-IR-GFP-RRE-IR-Cav-1. Results are expressed as the means ± standard deviations (SD) from three determinations (P\< 0.05).](TOMICROJ-8-114_F4){#F4}

![Inhibition of virus replication in HIV target cells by conditionally expressed Cav-1. The LTR-IR-GFP-RRE-IR-Cav-1 construct was placed in the foamy virus vector for transduction of HIV target cells to determine inhibition of virus replication by conditionally expressing Cav-1 in infected cells. Foamy virus vector mediated transductions of positive (SFV/HL-R and SFV/CMV-Cav-1) and negative (pEGFPD and pNL4-3) controls are included for comparisons. Results are expressed as the means ± standard deviations (SD) from three determinations (P \< 0.05).](TOMICROJ-8-114_F5){#F5}
